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A  small  amount  of  thiophene  or  ethylene  dioxythiophene  (EDOT)  is  introduced  into  the  liquid  electrolyte 
of  lithium-ion  cells  as  an  additive.  These  organic  additives  are  electrochemically  oxidized  to  form  a  thin 
conductive  polymer  film  on  the  surface  of  the  cathode  at  high  potential.  With  the  liquid  electrolyte 
containing  different  additives,  the  lithium-ion  cells  composed  of  carbon  anode  and  LiNi1/3Co1/3Mn1/302 
cathode  are  assembled,  and  their  cycling  performances  are  evaluated.  Adding  small  amounts  of  thiophene 
or  EDOT  to  the  liquid  electrolyte  is  found  to  reduce  the  interfacial  resistance  in  the  cells  and  thus  the  cells 
containing  an  organic  additive  exhibit  less  capacity  fading  and  better  high-rate  performance.  Differen¬ 
tial  scanning  calorimetric  studies  show  that  the  thermal  stability  of  the  charged  Lii_xNii/3Coi/3Mni/302 
cathode  is  also  enhanced  in  the  presence  of  an  organic  additive. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium-ion  batteries  with  high  energy  density  and  long  cycle 
life  have  become  important  power  sources  for  portable  elec¬ 
tronic  devices,  electric  vehicles,  and  load  leveling  systems.  Most 
of  commercialized  lithium-ion  batteries  use  LiCo02  as  a  cathode 
material.  However,  toxicity  and  high  cost  of  cobalt  pose  major 
obstacles  that  limit  its  application  in  large-scale  batteries.  Recently, 
LiNi1/3Co1/3Mn1/302  has  attracted  much  attention  as  one  of  the 
most  promising  alternative  cathode  materials  to  replace  LiCo02 
for  lithium-ion  batteries,  due  to  its  high  capacity,  good  structural 
stability  and  relatively  low  cost  [1-5].  In  order  to  increase  the 
reversible  capacity  of  LiNi1/3Co1/3Mn1/302  material,  the  charging 
cut-off  voltage  could  be  increased  to  around  4.5  V.  However,  the 
electrodes  charged  to  a  high  voltage  lead  to  a  significant  deteriora¬ 
tion  of  the  cycle  performance  [5,6].  The  origin  of  the  capacity  fade  is 
related  to  the  increase  in  the  surface  reactivity  between  the  highly 
delithiated  cathode  and  the  electrolyte  solution,  resulting  in  an 
increase  in  the  interfacial  resistance.  In  addition,  operating  at  high 
voltage  can  lead  to  structural  changes  in  the  cathode  material  [7]. 
To  solve  these  problems,  numerous  efforts  have  been  undertaken, 
such  as  the  addition  of  various  inorganic  and  organic  additives  to 
the  electrolyte  [8-1 1  ]  and  inorganic  coating  on  the  surface  of  cath¬ 
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ode  active  materials  [12-15].  Our  group  has  recently  reported  that 
the  high  voltage  (upper  cut-off  voltage:  4.4  V)  cycling  performance 
of  lithium-ion  cells  composed  of  carbon  anode  and  LiCo02  cath¬ 
ode  could  be  improved  by  adding  thiophene  [16].  The  use  of  the 
organic  additive  was  based  on  the  concept  that  it  could  be  electro¬ 
chemically  polymerized  prior  to  solvent  decomposition  in  the  high 
potential  region  [17-19]. 

With  the  aim  of  improving  the  cycling  stability  of  lithium-ion 
cells  with  high  cut-off  voltage,  i.e.,  cells  composed  of  carbon  anode 
and  LiNi1/3Co1/3Mn1/302  cathode,  we  introduced  a  small  amount 
of  thiophene  or  ethylene  dioxythiophene  (EDOT)  as  an  additive 
to  liquid  electrolyte.  The  influences  of  these  organic  additives  on 
the  cycling  performances  and  the  thermal  stability  of  a  delithiated 
Li1_xNi1/3Co1/3Mn1/302  cathode  were  investigated. 

2.  Experimental 

2.2.  Electrode  preparation  and  cell  assembly 

LiNi1/3Co1/3Mn1/302  powders  were  synthesized  by  the  co¬ 
precipitation  method,  as  described  previously  in  detail  [3].  The 
cathode  was  prepared  by  coating  the  N-methyl  pyrrolidone  (NMP)- 
based  slurry  containing  LiNi1/3Co1/3Mn1/302,  poly(vinylidene 
fluoride)  (PVdF)  and  super-P  carbon  (85:7.5:7.5  by  weight)  on  an 
aluminum  foil.  The  thickness  of  the  electrodes  ranged  from  50 
to  60  |jim  after  roll  pressing,  and  their  active  mass  loading  corre¬ 
sponded  to  a  capacity  of  about  1  mAh  cm-2  (geometric  electrode 
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area:  30  cm2).  The  carbon  anode  was  also  prepared  by  coating 
the  NMP-based  slurry  of  mesocarbon  microbeads  (MCMB),  PVdF 
and  super-P  carbon  (88:8:4  by  weight)  on  a  copper  foil.  The  liq¬ 
uid  electrolyte  was  1.15  M  LiPF6  in  ethylene  carbonate  (EC)/diethyl 
carbonate  (DEC)  (3:7  by  volume,  battery  grade,  Techno  Semichem 
Co.,  Ltd.).  Thiophene  or  EDOT  was  added  to  a  concentration  of 
0.05  wt.%  as  an  additive  into  the  liquid  electrolyte.  The  cell  com¬ 
posed  of  carbon  anode,  a  polyethylene  separator  (Celgard  2400)  and 
LiNi1/3Co1/3Mn1/302  cathode  was  assembled  with  an  electrolyte 
solution  containing  an  organic  additive  and  was  enclosed  in  an  alu¬ 
minum  pouch.  All  cells  were  assembled  in  a  dry  box  filled  with 
argon  gas. 

2.2.  Measurements 

AC  impedance  measurements  of  the  lithium-ion  cells  were  per¬ 
formed  in  the  charged  state  (4.5  V)  using  a  CHI  impedance  analyzer 
over  the  frequency  range  of  1  mHz  to  100  kHz  with  an  amplitude  of 
10  mV.  The  surface  morphology  of  the  LiNi^Co^Mn^C^  cathode 
material  was  observed  using  a  transmission  electron  microscope 
(TEM,  JEOL  2010)  after  the  repeated  cycling.  In  order  to  evalu¬ 
ate  the  cycling  performance,  the  cells  were  cycled  over  3.0-4.5V 
or  3.0-4.6V  at  a  current  rate  of  1.0C.  For  differential  scanning 
calorimetry  (DSC)  experiments,  the  cells  were  fully  recharged  to 
4.5  V  after  200  cycles  and  opened  in  a  dry  room.  After  disassembling 
the  cells,  the  cathode  was  gently  scraped  from  the  current  collec¬ 
tor.  Approximately  5  mg  of  the  cathode  was  hermetically  sealed 
in  a  stainless  steel  sealed  pan,  and  measurements  were  performed 
using  a  200  PC  (NETZSCH,  Germany)  differential  scanning  calorime¬ 
ter  at  a  heating  rate  of  1  °Cmin-1.  Before  DSC  measurements,  the 
amount  of  cathode  active  material  and  electrolyte  solution  was 
measured,  and  heat  flow  was  calculated  based  on  the  weight  of 
the  cathode  active  material. 

3.  Results  and  discussion 

In  our  previous  study,  it  was  shown  that  EDOT  and  thiophene 
oxidized  prior  to  the  decomposition  (4.90  V  vs.  Li/Li+)  of  the  liq¬ 
uid  electrolyte  [19].  That  is,  two  additional  small  oxidative  current 
peaks  were  observed  for  the  electrolyte  solution  containing  EDOT 
(4.06  and  4.55  V  vs.  Li/Li+)  and  thiophene  (4.11  and  4.55  V  vs. 
Li/Li+),  respectively.  The  electrochemical  oxidation  of  these  addi¬ 
tives  can  result  in  the  formation  of  a  conductive  polymer  film  on  the 
electrode  because  their  polymerization  products  are  electronically 
conductive  in  their  oxidized  states  [18,20].  Chemical  compounds 
with  a  high  HOMO  ( highest  occupied  molecular  orbital)  energy  tend 
to  easily  decompose  [11,21],  since  they  are  good  electron  donors. 
Because  the  HOMO  energies  of  thiophene  and  EDOT  are  higher  than 
those  of  solvents  (EC,  DEC)  in  the  liquid  electrolyte,  thiophene  and 
EDOT  could  be  easily  oxidized  at  potentials  lower  than  the  decom¬ 
position  potential  of  the  solvent. 

The  cycling  performance  of  lithium-ion  cells  prepared  with  liq¬ 
uid  electrolyte  containing  an  organic  additive  has  been  evaluated. 
For  the  purpose  of  comparison,  the  cell  without  an  additive  was 
also  cycled  under  the  same  conditions.  The  assembled  cells  were 
initially  subjected  to  a  preconditioning  cycle  over  3.0-4.5V  at  a 
constant  current  of  0.1  mAcnrr2  (0.1  C  rate).  The  preconditioning 
charge-discharge  curves  of  lithium-ion  cells  with  and  without  an 
additive  are  given  in  Fig.  1.  As  shown,  the  initial  discharge  capac¬ 
ities  of  the  cells  containing  an  organic  additive  are  slightly  lower 
than  that  of  the  cell  without  an  organic  additive.  The  cell  without  an 
additive  shows  an  initial  discharge  capacity  of  1 88.5  mAh  g_1  based 
on  the  LiNi1/3Co1/3Mn1/302  active  material  in  the  cathode.  Initial 
discharge  capacities  of  the  cells  containing  an  organic  additive  are 
185.7  and  185.1  mAh  g-1  for  EDOT  and  thiophene,  respectively. 


Fig.  1.  First  preconditioning  cycles  of  lithium-ion  cells  assembled  with  liquid  elec¬ 
trolyte  containing  different  additives  (0.1  C,  cut-off  voltage:  3.0-4.5  V). 

When  comparing  the  coulombic  efficiency  of  the  pre-conditioning 
cycle,  the  cell  without  an  organic  additive  has  a  higher  value  (86.5%) 
than  the  cells  containing  EDOT  (84.0%)  or  thiophene  (83.6%).  Low 
coulombic  efficiency  of  the  cell  containing  an  organic  additive  is 
associated  with  an  irreversible  electrochemical  oxidation  of  an 
organic  additive  on  the  electrode  during  the  first  preconditioning 
cycle,  as  oxidative  polymerization  of  organic  additive  is  liable  to 
irreversibly  occur  at  high  voltage  during  the  charging  process.  It 
is  thus  plausible  that  the  oxidative  polymerization  of  an  additive 
consumes  part  of  the  capacity,  which  corresponds  to  an  irreversible 
capacity  loss. 

After  two  cycles  at  0.1  C  rate,  the  cells  were  charged  to  4.5  V  at 
a  constant  current  of  1.0C  rate.  This  was  followed  by  a  constant- 
voltage  charge  with  a  decline  of  current  until  the  final  current 
reached  10%  of  the  charging  current.  They  were  then  discharged 
down  to  a  cut-off  voltage  of  3.0  V  at  the  same  current.  Fig.  2  com¬ 
pares  the  charge-discharge  curves  of  the  1st,  10th,  50th,  100th  and 
200th  cycles  of  the  lithium-ion  cell  containing  thiophene  as  an  addi¬ 
tive.  The  cell  has  a  first  discharge  capacity  of  1 61 .1  mAh  g_1 ,  and  the 
discharge  capacity  of  the  cell  declines  to  137.2  mAh  g-1  after  200 
cycles.  Coulombic  efficiency  steadily  increased  and  stabilized  with 
cycle  number,  and  was  higher  than  99.5%  through  cycling  after  the 
initial  few  cycles. 


Fig.  2.  Charge  and  discharge  curves  of  the  lithium-ion  cell  assembled  with  liquid 
electrolyte  containing  thiophene.  (1.0C  CC  and  CV  charge,  1.0C  CC  discharge,  cut-off 
voltage:  3.0-4.5V). 
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Fig.  3.  Discharge  capacities  of  the  lithium-ion  cells  assembled  with  liquid  electrolyte 
containing  different  additives,  as  a  function  of  cycle  number.  ( 1 .0C  CC  and  CV  charge, 
1.0C  CC  discharge),  (a)  cut-off  voltage:  3.0-4.5  V,  (b)  cut-off  voltage:  3.0-4.6V. 


Fig.  3  presents  the  effect  of  an  additive  on  the  discharge  capac¬ 
ities  as  a  function  of  cycle  number.  The  cells  were  cycled  over 
3.0-4.5  V  or  3.0-4.6V  at  a  current  rate  of  1.0C.  It  is  clear  that  the 
addition  of  an  organic  compound  to  the  liquid  electrolyte  leads  to 
improved  cycling  characteristics.  In  Fig.  3-(a),  the  cell  without  an 
additive  has  a  discharge  capacity  of  121.3  mAh  g-1  at  the  200th 
cycle,  which  corresponds  to  73.7%  of  initial  discharge  capacity.  On 
the  other  hand,  the  capacity  retentions  of  the  cells  containing  an 
organic  additive  are  81 .8  and  85.2%  at  the  200th  cycle  for  EDOT  and 
thiophene,  respectively.  When  the  cut-off  voltage  for  charging  was 
increased  to  4.6  V,  the  improvement  of  capacity  retention  was  more 
remarkable  in  the  presence  of  additive,  though  the  cycling  stabil¬ 
ity  rather  decreased  for  all  the  cells,  as  shown  in  Fig.  3-(b).  Good 
capacity  retention  in  the  cell  with  these  additives  can  be  ascribed 
to  the  formation  of  an  electronically  conductive  polymer  film  on  the 
active  sites  of  the  cathode  during  charging,  as  explained  above.  This 
conductive  polymer  film  functions  as  a  protective  layer  to  cover 
the  active  cathode  sites  and  reduce  the  electrolyte  decomposition 
at  high  voltage,  so  that  the  structural  stability  of  cathode  material 
can  be  enhanced. 

In  order  to  understand  the  effect  of  the  organic  additives  on 
cell  cycling  performance,  the  ac  impedance  of  the  cells  was  mea¬ 
sured,  and  the  resultant  ac  impedance  spectra  are  shown  in  Fig.  4. 
It  has  been  known  that  ac  impedance  behavior  of  the  cell  depends 
on  the  state  of  charge  [22].  For  a  fair  comparison,  we  tried  to 
investigate  the  ac  impedance  spectra  at  charged  state  of  the  cell. 
Fig.  4-(a)  was  obtained  at  the  charged  state  after  1  cycle,  and  Fig.  4- 
(b)  was  measured  at  the  charged  state  after  200  cycles.  In  both 
spectra,  two  overlapping  semicircles  are  observed.  According  to 
the  previous  studies  of  ac  impedance  analysis  [23,24],  the  semi¬ 
circle  appeared  in  the  high  frequency  range  can  be  attributed  to 


Fig.  4.  AC  impedance  spectra  of  the  lithium-ion  cells  assembled  with  liquid  elec¬ 
trolyte  containing  different  additives,  which  are  obtained  at  charged  state  after  (a) 
1  cycle  and  (b)  200  cycles. 


the  resistance  due  to  Li+  ion  migration  through  the  surface  film  on 
the  electrode  (Rf)  and  the  semicircle  observed  in  the  medium-to- 
low  frequency  range  is  due  to  charge  transfer  resistance  between 
the  electrode  and  electrolyte  (Ret).  In  Fig.  4-(a),  the  surface  film 
resistance  in  the  cell  without  additive  is  observed  to  be  slightly 
larger  than  those  of  the  cells  with  additive,  but  there  are  little  differ¬ 
ences  in  the  charge  transfer  resistance.  After  200  cycles,  the  largest 
increase  in  charge  transfer  resistance  is  observed  in  the  cell  with¬ 
out  additive.  The  resistive  layer  formed  on  the  electrode  surface 
due  to  electrolyte  decomposition  may  hamper  charge  transport  at 
the  electrode  and  electrolyte  interface,  which  increases  the  charge 
transfer  resistance  with  the  repeated  cycles.  On  the  other  hand, 
the  surface  film  resistance  and  charge  transfer  resistance  are  lower 
in  the  cells  containing  an  organic  additive.  This  would  support  the 
notion  that,  in  the  presence  of  an  organic  additive,  a  protective  con¬ 
ductive  film  is  formed  on  the  cathode  during  cycling,  which  limits 
the  growth  of  a  resistive  layer  due  to  the  electrolyte  decomposition. 
Though  the  resistances  of  Li+  ions  through  surface  film  are  almost 
the  same  in  the  presence  of  an  organic  additive,  the  charge  transfer 
resistance  is  shown  to  be  higher  in  the  cell  containing  EDOT.  This 
result  indicates  that  electronic  properties  of  thin  films  formed  on 
cathode  may  be  different.  When  a  conductive  layer  does  form  on  the 
surface  of  the  active  material,  this  would  produce  a  good  electrical 
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Fig.  5.  Relative  discharge  capacities  of  the  lithium-ion  cells  assembled  with  liquid 
electrolyte  containing  different  additives,  as  a  function  of  C  rate. 


contact  between  less  conductive  oxides,  which  facilitates  electron 
transfer.  For  EDOT,  the  substitutions  at  the  3-  and  4-positions  of 
thiophene  lead  to  steric  interactions  that  distort  the  TT-conjugated 
system,  lowering  the  electronic  conductivity  and  thus  increasing 
the  charge  transfer  resistance. 

The  rate  capability  of  the  lithium-ion  cell  prepared  with  liquid 
electrolyte  containing  an  organic  additive  was  evaluated.  In  order  to 
induce  the  electrochemical  oxidation  of  additives  in  the  cell  and  dis¬ 
tinguish  the  effect  of  additives  clearly,  the  cells  were  cycled  twice 
at  0.1  C  rate  and  then  20  times  at  1.0C  rate,  before  the  execution  of 
rate  capability  tests.  Fig.  5  compares  the  relative  discharge  capaci¬ 
ties  of  lithium-ion  cells  containing  different  additives,  as  a  function 
of  current  rate.  The  relative  capacity  is  defined  as  the  ratio  of  the 
discharge  capacity  at  a  specific  C  rate  to  the  discharge  delivered  at 
0.1  C  rate.  It  was  found  that  the  discharge  capacities  are  almost  the 
same  at  low  current  density,  regardless  of  the  addition  of  organic 
additive.  However,  with  increasing  current  rate  to  5.0C  rate,  the 
effect  of  additives  on  rate  performance  of  the  cell  becomes  more 
noticeable.  It  can  be  seen  that,  in  the  presence  of  thiophene,  the 
highest  discharge  capacity  at  high  current  rates  is  obtained.  High 
rate  performance  of  the  cell  containing  thiophene  may  be  encour¬ 
aged  by  the  less  resistive  surface  film  on  the  LiNi^Co^Mn^C^ 
cathode  and  the  faster  kinetics  of  the  charge  transfer  reaction,  as 
explained  in  the  ac  impedance  spectra  of  Fig.  4-(b). 

Fig.  6  shows  the  TEM  images  of  the  LiNi1/3Co1/3Mn1/302  active 
materials  obtained  after  200  cycles  of  the  cells  without  and  with 
thiophene  as  an  additive.  A  magnified  image  around  the  edge  of 
the  primary  LiNi1/3Co1/3Mn1/302  particle  cycled  in  the  presence 
of  thiophene  additive  clearly  reveals  that  it  is  uniformly  coated 
by  the  conductive  polymer  layer,  and  its  thickness  ranges  from 
19  to  28  nm,  as  shown  in  Fig.  6-(b).  On  the  contrary,  the  bright 
field  TEM  of  the  LiNi1/3Co1/3Mn1/302  particle  cycled  in  the  absence 
of  an  additive  did  not  have  an  extra  film  on  the  particle  surface. 
From  the  auger  electron  spectroscopy  depth  profile  of  the  cath¬ 
ode  obtained  after  200  cycles  in  the  presence  of  thiophene,  the 
film  thickness  formed  on  LiNi1/3Co1/3Mn1/302  was  also  measured 
to  be  about  23  nm.  Thus,  these  results  provide  conclusive  evidence 
that  the  primary  LiNi1/3Co1/3Mn1/302  particle  is  coated  by  the  thin 
polymer  layer  formed  by  electrochemical  oxidation  of  thiophene. 

The  thermal  stability  of  cathode  materials,  especially  at  the 
delithiated  state,  is  of  great  importance  for  battery  safety.  DSC  mea¬ 
surements  were  performed  in  order  to  evaluate  the  thermal  sta¬ 
bility  of  the  delithiated  cathode  material  (Lii_xNi1/3Co1/3Mn1/302) 
in  the  presence  of  additive.  The  weight  ratio  of  active  cathode 
material  to  electrolyte  solution  was  almost  the  same  in  all  the 


(a)  without  additive 


(b)  with  thiophene 


Fig.  6.  TEM  images  of  LiNi1/3Coi/3Mn1/302  particle  obtained  after  200  cycles  of  the 
cells  (a)  without  and  (b)  with  thiophene. 

samples.  Fig.  7  shows  the  DSC  profiles  of  the  cathode  materials 
charged  to  4.5  V,  which  are  obtained  after  200  cycles.  The  DSC 
profiles  of  Lii_xNi1/3Co1/3Mn1/302  showed  two  exothermic  peaks, 
one  appearing  around  243  °C  and  the  other  above  255  °C.  The  first 
exothermic  peak  resulted  from  the  decomposition  of  electrolyte 
solution  due  to  an  active  cathode  surface,  and  the  second  one  could 
be  ascribed  to  the  electrolyte  oxidation  caused  by  released  oxy¬ 
gen  from  Lii_xNi1/3Co1/3Mn1/302,  as  previously  reported  by  Baba 
et  al.  [25].  There  is  no  significant  difference  in  exothermic  temper¬ 
ature  and  heat  generation  in  the  first  peaks.  On  the  other  hand,  the 
Li1_xNi1/3Co1/3Mn1/302  material  in  the  cell  containing  an  organic 
additive  has  a  smaller  exothermic  heat  at  higher  temperature, 
in  the  case  of  the  second  exothermic  peaks.  That  is,  the  heat  of 
reaction  for  the  Lii_xNi1/3Co1/3Mn1/302  material  in  the  cell  con¬ 
taining  EDOT  and  thiophene  was  reduced  from  1081.0  to  781.1 
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Fig.  7.  DSC  profiles  of  Lii_xNi1/3Co1/3Mn1/302  cathode  materials  charged  to  4.5  V 
after  200  repeated  cycles. 


and  710.8Jg-1,  and  their  exothermic  peaks  shifted  from  259.3 
to  275.4  and  282.3  °C,  respectively,  which  indicate  the  enhanced 
thermal  stability  of  the  delithiated  cathode  material  in  the  pres¬ 
ence  of  the  additive.  We  believe  that  the  polymer  layer  coated 
on  active  cathode  surface  may  block  the  oxygen  release  from 
Li1_xNi1/3Co1/3Mn1/302  material  and  it  in  turn  gives  rise  to  the  shift 
of  the  exothermic  oxidation  reaction  to  higher  temperature  as  well 
as  the  reduction  of  heat  generation.  These  results  suggest  that  more 
thermally  stable  cells  based  on  LiNi1/3Co1/3Mn1/302  cathode  could 
be  assembled  by  adding  a  small  amount  of  organic  additive  into  the 
liquid  electrolyte. 

4.  Conclusions 

Cycling  performances  of  lithium-ion  cells  composed  of  carbon 
anode  and  LiNi1/3Co1/3Mn1/302  cathode  were  improved  by  adding 
a  small  amount  of  an  additive  to  the  liquid  electrolyte.  Lithium- 
ion  cells  containing  an  organic  additive  exhibited  good  capacity 
retention  in  the  voltage  range  of  3.0-4.5  V  and  good  high  rate  per¬ 
formance.  Good  cycling  performance  with  an  additive  in  the  cell 
could  be  ascribed  to  the  formation  of  a  thin  conductive  film  to  sup¬ 
press  the  electrolyte  decomposition  on  cathode  active  sites  at  high 
voltage,  which  reduces  the  electrolyte  decomposition  so  that  the 


structural  stability  of  active  material  can  be  enhanced.  The  ther¬ 
mal  stability  of  the  charged  Lii_xNi1/3Co1/3Mn1/302  cathode  was 
also  improved  in  the  cell  containing  an  organic  additive.  It  is  thus 
concluded  that  the  addition  of  an  organic  additive  is  very  useful 
for  improving  cycling  performance  and  thermal  stability  of  high- 
voltage  lithium-ion  cells. 
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